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Introduction
An extra copy of human chromosome 21 (HSA21) causes Down syndrome (DS), a disorder associated with mental retardation, congenital abnormalities, and, in later life, Alzheimer's disease (AD) (Antonarakis et al., 2004; Wisniewski et al., 1985) . Triplication of the App gene in DS appears critical for the manifestation of AD, and is further supported by data showing that a 78-year-old DS individual with partial trisomy 21 and only two copies of App did not develop AD (Prasher et al., 1998a) . Moreover, trisomy of App and only a few flanking genes causes early onset AD (Rovelet-Lecrux et al., 2006) . Ts65Dn mice exhibit morphological, biochemical, and transcriptional changes seen in DS (Antonarakis et al., 2001; Capone, 2001; Davisson et al., 1990 Davisson et al., , 1993 Holtzman et al., 1996; Reeves et al., 1995) . Ts65Dn mice possess a third copy of a region of mouse chromosome 16 (MMU16) from App to Mx1, orthologous to the DS critical region of HSA21. These mice exhibit cognitive abnormalities during early postnatal development and, in later life, additional memory and learning deficits arise, associated with reduced hippocampal long-term potentiation (LTP) and increased long-term depression (LTD) (Costa and Grybko, 2005; Kleschevnikov et al., 2004; Siarey et al., 1997 Siarey et al., , 1999 . The emergence of these early and late life defects coincide in brain with the enlargement of presynaptic and postsynaptic elements within target areas of the septohippocampal system . Age-related loss of the low-affinity nerve growth factor receptor (p75 NTR ) phenotype is also seen in basal forebrain cholinergic neurons (BFCNs), accompanied by astrocytic hypertrophy and microglial activation (Cooper et al., 2001; Granholm et al., 2000; Holtzman et al., 1996) . BFCNs, which supply most of the cholinergic innervation to the hippocampal formation and cerebral cortex (Mesulam et al., 1983a; Mufson et al., 2003) , are integral anatomic substrates of memory and attention (Bartus, 2000; Baxter and Chiba, 1999) , and their reduced receptor expression or loss in AD correlates with cognitive decline (Bierer et al., 1995; Davies and Maloney, 1976; Mufson et al., 1989b; Whitehouse et al., 1982) . Dysfunction of magnocellular BFCNs in AD within the nucleus basalis (NB) and medial septal nucleus (MSN)/diagonal band complex involves both basocortical and septohippocampal projection systems. Additionally, loss of high-affinity neurotrophin receptor expression (TrkA) within BFCNs also correlates with cognitive decline in AD Mufson et al., 2006) . Slowing or preventing cholinergic cell death or minimizing its consequences are the objectives of clinical trials with neurotrophin delivery (Tuszynski et al., 2005) and most FDA-approved drugs for AD (Bartus, 2000) .
Cholinergic deficits and cognitive impairment in adult Ts65Dn mice are related to altered retrograde nerve growth factor (NGF) transport from the hippocampus to the basal forebrain (Cooper et al., 2001) . Retrograde NGF signals are mediated by endosomes, which exhibit abnormalities in Ts65Dn mice similar to those in very early stage AD and DS (Nixon and Cataldo, 2006) . These age-related deficits depend on App triplication (Cataldo et al., 2003; Salehi et al., 2006) , and are absent in a second trisomic mouse model, the Ts1Cje mouse, which is trisomic for a smaller segment of MMU16 from Sodl to Mx1 that does not include triplication of App (Sago et al., 1998) . Ts1Cje mice survive to adulthood, exhibit no apparent dysmorphic features or BFCN degeneration, and do not display the severe cognitive deficits observed in adult Ts65Dn mice.
Herein, we have used high resolution quantitative MRI in vivo to detect pathophysiological and neurodegenerative changes in Ts65Dn and Ts1Cje mice using transverse proton spin-spin (T 2 ) relaxation time as a sensitive pathophysiological index. Our experience has indicated that T 1 relaxography is not as sensitive to this type of pathology in mice. Therefore, we have attempted to obtain the highest resolution data via T 2 relaxography because of the specificity to pathology this measure has provided in our previous studies of mouse models of AD (Falangola et al., 2007; Guilfoyle et al., 2003) . In Ts65Dn mice, but not Ts1Cje mice or disomic (2N) controls, MRI revealed changes likely involved in the damage to cholinergic circuits and the atrophy of BFCNs and their hippocampal and cortical targets, which we confirmed by immunohistochemical and biochemical analyses.
Materials and methods

MRI protocols
Male Ts65Dn mice (n = 12), Ts1Cje mice (n = 12), and 2N control mice (2N littermates of Ts65Dn mice; n = 12; 2N littermates of Ts1Cje mice; n = 12) ranging from 12 to 16 months were analyzed. MRI was performed with a 7T 40 cm horizontal bore magnet (Magnex Scientific, Oxford, UK) with an SMIS spectrometer (Surrey Medical Imaging Systems, Guilford, UK). Animals were anesthetized with isoflurane (2.0%) in NO 2 (75%) and O 2 (23%), and transferred to an MR safe holder, and isoflurane was reduced to 1%. Rectal temperature was maintained at 37 ± 0.5 • C during imaging with a warm water pad, and respiration rate was monitored continuously using an S.A. 1025 monitoring system (SA Instruments Inc., Stony Brook, NY). T 2 images were acquired with a multi-slice single-echo sequence with 2 averages. Forty-eight slices, 200 m thick (gap = 100 m) were acquired with 128 × 128 lines of data over a field of view (FOV) of 25.6 mm. Images were obtained at 6 echo times (TE) of 15, 20, 25, 35, 55 , and 75 ms with a repetition time (TR) of 4000 ms. Imaging voxel resolution was 0.2 mm × 0.2 mm × 0.2 mm. The total MR scanning time, including shimming and radio frequency calibrations, was about 128 min per animal. Absolute T 2 maps were calculated on a voxel-by-voxel basis by fitting the MRI data to a single exponential as a function of TE using the MEDX software package (MEDX, Medical Numerics Inc., Sterling, VA).
Post-acquisition image analysis
Regional comparison
For each animal, all images were reconstructed on the same scale with Hanning filters applied. Following reconstruction, images were converted to the analyze format and read into the MEDX image processing package. After brain masking, the T 2 relaxation time was fit to each voxel time series within each brain using a two parameter, single compartment fit (M0 and T 2 ) via linear regression on the log-linear data. This produced a T 2 map for each of the 48 slices of each animal. Regions of interest (ROIs) were manually drawn on the T 2 -weighted images in the MEDX software package and used to define regions from which T 2 was extracted from the T 2 maps. Anatomical guidelines for outlin-ing these regions were determined by comparing anatomical structures in the MRI slices with a standard mouse atlas (Paxinos and Franklin, 2001) . Regions analyzed included frontal cortex (bregma 1.70 mm to −4.72 mm), cingulate cortex (1.70 mm to −0.82 mm), hippocampus (−0.94 mm to −4.16 mm), MSN (1.18 mm to 0.26 mm), striatum (1.54 mm to 0.14 mm), corpus callosum (1.70 mm to −4.72 mm), and cerebellum (−5.88 mm to 8.12 mm). For each animal, 48 slices with equivalent anatomy were selected to achieve a comparable measure between animals. For each ROI, mean T 2 was calculated using the MEDX software. Volumes of each structure were estimated by multiplying the number of pixels within a given area by the size of each voxel and slice thickness. Statistical analysis was performed by oneway analysis of variance (ANOVA) to assess the variance between groups of the mean T 2 values and volumes, with post hoc analysis (Neumann-Keuls test; level of significance was set at p < 0.05) for individual comparisons where appropriate as described previously for MRI studies (Dijkhuizen et al., 2001; Rovira et al., 1999) .
Voxel-wise analysis
The calculated multi-slice T 2 maps (48 slices) for each mouse (n = 12) were spatially registered to a common template (determined from the entire dataset average) using a non-linear image registration algorithm (Ardekani et al., 2005) . Clusters of voxels from the Ts65Dn or Ts1Cje experimental groups exhibiting significant differences from the 2N group were determined as follows: group mean registered images from each experimental group were compared to the 2N group by means of a voxel-wise analysis using two-tailed t-tests (p < 0.05). This analysis was complemented by cluster thresholding for a minimum cluster of 12 voxels, a minimum cluster (t < 0.005) and a positive threshold (t > 0), so that only those clusters for which the T 2 decreased compared to 2N animals were identified. Voxel clusters from Ts65Dn or Ts1Cje groups exhibiting significant differences from the 2N group (voxel of black, or low, T 2 {VBT2}) were loaded onto standard anatomical images to locate their spatial distribution. The transverse and three-dimensional (3D) reconstructions were performed using the Slicer software package (www.slicer.org) to further identify regions of VBT2 voxel clusters in the trisomy mouse brains compared to 2N mice.
Tissue preparation for histological and biochemical analyses
A second cohort of Ts65Dn, Ts1Cje, and 2N mice, 12-15 months of age (n = 6 animals in each group) were employed for histological evaluation. The imaging cohort was not intended to be utilized for biochemical and histochemical analyses due to the differing logistics of the imaging and histochemical protocols. These inbred mouse strains are extremely well characterized, and using two separate cohorts should not be deleterious to the overall study design. Mice were anesthetized with sodium pentobarbital (60 mg/kg) and perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.5). Brains were removed and postfixed overnight in the same fixative solution at 4 • C. Forty micrometer thick coronal sections were cut on a vibratome (VT1000S, Leica, Germany) and placed in Tris-buffered saline (TBS; pH 7.5).
Immunocytochemistry
Immunocytochemistry was performed as previously described (Cataldo et al., 2003; Ginsberg et al., 2006 ) using a goat polyclonal antibody directed against choline acetyltransferase (ChAT, Millipore, Billerila, MA; 1:250 dilution) and rabbit polyclonal antibodies against p75 NTR (Promega, Madison, WI; 1:250 dilution), high-affinity nerve growth factor receptor, TrkA (Millipore; 1:250 dilution), and microtubuleassociated protein 2 (MAP2, Millipore; 1:200 dilution) overnight at 4 • C. The diluent for the primary antibody contained 0.4% Triton X-100, 2% normal horse serum and 1% bovine serum albumin. Immunoreactivity was detected using rabbit (ChAT) or goat (p75, TrkA, MAP2) biotinylated secondary antibodies followed by processing using an ABC kit (Vector Labs, Burlingame, CA). Signal was detected using 0.05% 3 ,3 -diaminobenzidine (Sigma, St. Louis, MO) and 0.005% hydrogen peroxide (pH 7.2) as described previously (Cataldo et al., 2003; Ginsberg et al., 2006) . Tissue sections incubated in the absence of primary antibody served as negative controls. After processing, the tissue sections were mounted onto gelatin-coated slides and air-dried. Counterstaining was performed using cresyl violet. Sections were examined by light microscopy using a Zeiss Axioskop 2 microscope equipped with an AxioCam HRc digital camera.
Assessment of dendritic changes by MAP2 immunocytochemistry
A total of 6-8 sections per animal were stained by MAP2 immunohistochemistry and visualized microscopically using a CCD camera attached to the Zeiss microscope. Morphometric analysis of MAP2 immunostaining within cell bodies and neuropil was measured in optical slices in the dorsal hippocampus, cingulate cortex, and temporal cortex. Background staining was corrected by subtracting the values measured over the corpus callosum, which lacks MAP2 immunoreactivity (Ginsberg and Martin, 1998) .
Acetylcholinesterase (AChE) histochemistry
Tissue sections used for detection of in situ AChE activity (Apelt et al., 2002; Hebert et al., 2001 ) was obtained as described for immunocytochemistry. Sections were mounted on gelatin-coated slides, dried, and then preincubated twice for 5 min each at 37 • C in 0.1 M sodium acetate buffer (pH 6.0) containing 30 M tetra-isopropyl pyrophosphoramide (iso-OMPA, Sigma) to inhibit nonspecific background staining. Sections were incubated for 3 h at 37 • C in a medium consisting of 1.7 mM acetylthiocholine iodide, 4 mM sodium citrate, 3 mM cupric sulfate, 0.1 mM potassium ferricyanide, 30 M iso-OMPA, and 65 mM sodium acetate buffer (pH 6.0). The reaction was stopped by rinsing sections in 0.1 M sodium acetate buffer (pH 6.0) followed by incubations in 1% ammonium sulfide, 100 mM sodium nitrate, and 0.1% silver nitrate. Sections were dehydrated, coverslipped, and examined by light microscopy. Additional sections were incubated in the absence of acetylthiocholine iodide and served as negative controls.
Quantitative assessment of AChE histochemistry
Quantitative morphometric analysis of AChE enzyme histochemical reactivity was performed on sections obtained from the hippocampus, cingulate cortex and temporal cortex from Ts65Dn, Ts1Cje, and 2N mice (Mufson et al., 1989a ). An average of 6 sections with 40 m thickness and 240 m interleave distance was used to quantitate regional immunoreactivity for each group. Morphometric analysis of AChE-reactive fibers was performed through the dorsal hippocampus, cingulate cortex, and temporal cortex by digitizing 20× microscope images to a computer workstation via a CCD camera and use of NIH Image (Version 6.1) analysis software. An average of 6 tissue sections chosen at random were evaluated per brain. Statistical analysis among the three groups of mice for histochemical labeling was performed using a one-way ANOVA with post hoc analysis (Neumann-Keuls test; level of significance was set at p < 0.05) for individual comparisons as described previously for quantitative morphometry assessments (Cataldo et al., 2003; Ginsberg and Martin, 2002) .
Western blot analysis
For Western blot analyses, hippocampus, cingulate cortex, and temporal cortex from Ts65Dn, Ts1Cje, and 2N brains (n = 4 each) were dissected from coronal slabs, immediately frozen on dry ice, and stored at −80 • C until use. Regional brain homogenates were obtained and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) as previously described (Ginsberg et al., 1996) . Briefly, tissues were homogenized in RIPA buffer containing protease inhibitors purchased from Sigma (1% Tween Fig. 1 . Regional comparisons of mean T 2 values and MRI volumetric findings between 2N mice, and Ts65Dn, Ts1Cje trisomic mice. Anatomical guidelines for outlining regions of interest (ROIs) were determined by comparing anatomical structures in the MRI slices with standard atlas {(A) ROIs of cortex (a), corpus callosum (b), MSN (c), striatum (d), and hippocampus (e)} (A). Detailed comparisons are available in bar graph (B), indicating significant overall regional decrease in mean T 2 values ±S.E.M. in Ts65Dn mice in the whole brain (WB; p < 0.05). Region-specific reduction in T 2 was identified in the hippocampus (HP; p < 0.05), medial septal nucleus (MSN; p < 0.01), and the cingulate cortex (CG; p < 0.05), but not in the corpus callosum (CC), striatum (ST), or brainstem (BS) (B). By contrast, as illustrated in bar graph in panel C, there was no significant difference of T 2 relaxation times in the WB or any regions in Ts1Cje mice.
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Y. Chen et al. / Neurobiology of Aging xxx (2008) xxx-xxx 5 20, 0.5% sodium deoxycholate, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 10 mg/ml aprotinin, 1 mg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride). Protein concentrations were measured using the Bradford assay (Bio-Rad, Hercules, CA). Samples (30-50 g) were boiled in SDS-PAGE loading buffer for 5 min, loaded onto 3-8% gradient precast SDS-PAGE gels (Bio-Rad) and separated based on molecular weight. Proteins were transferred to PVDF membranes and probed for MAP2 {Millipore; 1:5000 dilution in 5% nonfat dry milk in a PBS solution containing 0.02% Tween 20 (Sigma)}. Immunoreactive proteins were detected using species-specific horseradish peroxidase-conjugated secondary antibodies and enhanced chemiluminescence (1:2000 dilution; GE Healthcare, Piscataway, NJ). Equal protein loading was determined using an antibody to ␤-tubulin (Sigma, 1:5000 dilution). Autoradiographic films were scanned into Adobe Photoshop (Adobe Systems Incorporated, San Jose, CA) and densitometric analysis was performed by quantitating optical density (OD) of the appropriate bands via NIH Image (Version 6.1). Relative values were calculated by subtracting the background OD value from the measured OD of each immunolabeled band. A Student's t-test was used for statistical evaluations between groups.
Results
Mapping of region-specific brain pathology by MRI
T 2 values from brain regions with clearly defined anatomic boundaries were determined from approximately 48 coronal slices per animal collected from multi-slice data sets. Compared to 2N and Ts1Cje trisomic mice, Ts65Dn mice exhibited significantly smaller mean T 2 relaxation times within regions known to exhibit age-related atrophic cholinergic changes, including the MSN (p < 0.01), hippocampus (p < 0.05), and cingulate cortex (p < 0.01) (Fig. 1) . This reduction was not evident in the striatum, corpus callosum, or brainstem, which exhibited T 2 relaxation values equivalent to those found in Ts1Cje and 2N mice (Fig. 1) . Volumetric measurements obtained from high resolution T 2 images con- Fig. 2 . Spatial distribution of VBT2 in Ts65Dn mice. Occurrence of VBT2 clusters of reduced T 2 identified by voxel-wise analysis of T 2 maps from Ts65Dn mice compared with 2N mice (A) or Ts1Cje mice compared with 2N mice (B). The red pixels represent voxels of reduced VBT2 (p < 0.05). In Ts65Dn mice, VBT2s are distributed predominantly within the cingulate cortex (Cg), retrosplenial cortex (Rsp), hippocampal subfields (CA1, and CA3), dentate gyrus (DG), and medial septal nucleus (MS). In contrast to Ts65Dn mice, Ts1Cje mice (B) exhibited fewer and randomly distributed VBT2s within the same brain regions. Computer-generated 3D image renderings of VBT2s in Ts65Dn (C) and Ts1Cje (D) mice illustrate that in Ts65Dn mice, the VBT2 clusters are located predominantly within the cingulate cortex and retrosplenial cortex, whereas VBT2 clusters were fewer or absent in similar regions from Ts1Cje mice. 2N (A, D, G) , Ts1Cje (B, E, H), and Ts65Dn (C, F, I) mice. In Ts65Dn mice compared with Ts1Cje and 2N littermate controls, a qualitative decrease in the number of AChE reactive cholinergic fibers was detected in CA3 of the hippocampus (C, arrowheads) and in the cingulate cortex (F, F , and F ), particularly in laminae III and V. (F and F ) are high firmed previous observations in Ts65Dn mice, and revealed a significant decrease in volume of the cerebellum (p < 0.05) (Baxter et al., 2000; Olson et al., 2004) .
Following volumetric measurements, a detailed voxelwise analysis was undertaken to map the distribution of altered T 2 (VBT2) more precisely to anatomical subregions of brain in Ts65Dn mice. VBT2 clusters, representing reduced T 2 were significantly different between the 2N and Ts65Dn mice, and between the 2N and Ts1Cje mice, and are illustrated in Fig. 2 . In Ts65Dn mice, T 2 was reduced in various regions of the cortex where we found increased VBT2 clustering to be prominent in the cingulate and retrosplenial cortices compared to 2N mice ( Fig. 2A) . We also observed concentrations of VBT2s in the MSN and VDB of Ts65Dn mice albeit to a lesser degree than those detected in the cortical regions. Significant VBT2 clustering was identified in the hippocampus from Ts65Dn mice compared to 2N mice. In the hippocampus, concentrations of VBT2s were present within CA subfields and the dentate gyrus. Transverse and 3D reconstructions, which were performed using the Slicer software package, showed similar results (Fig. 2) . In contrast to the T 2 reductions in Ts65Dn mice, fewer, randomly distributed VBT2s clusters were identified in brains of Ts1Cje mice (Fig. 2) .
Regional MRI abnormalities in Ts65Dn mice correspond to selective BFCN deficits
Consistent with several previous studies (Contestabile et al., 2006; Seo and Isacson, 2005) , immunocytochemistry using established markers of cholinergic neurons, including ChAT (Fig. 3A-C and insets) , TrkA (Fig. 3D-F) , and p75 NTR (Fig. 3G-I ) revealed a decrease in the number of immunopositive neurons within the MSN and NB (not shown) of Ts65Dn mice compared to Ts1Cje and 2N mice and consistent with the selective vulnerability and loss of cholinergic phenotype. Many BFCNs in the Ts65Dn MSN that were relatively depleted of ChAT immunoreactivity appeared shrunken by Nissl stain (cresyl violet) ( Fig. 3L and inset ) compared to BFCNs in the MSN of 2N and Ts1Cje mice (Fig. 3J and K and insets) and by ultrastructural examination (data not shown). magnification views demonstrating the loss of AChE reactivity in lamina III. This loss of fiber staining, which reflects loss of cholinergic terminals in the hippocampus and cingulate cortex, was not evident in cingulate lamina III and V from 2N (D, D , and D ) and Ts1Cje (E, E , and E ) mice and could be attributed to the decrease in cholinergic projection neurons in the MSN (see Fig. 3 ) leading to the loss of innervation to these brain regions. No differences in the density of AChE reactive fibers were seen throughout the laminae of temporal cortex from 2N control mice (G and G ) and Ts1Cje (H and H ) and Ts65Dn (I and I ) trisomic mice brains. Higher magnification images of lamina III of the temporal cortex, which receives its main cholinergic input from more posterior areas of the cholinergic system, are shown in panels G -I . Densitometric analysis of AChE activity ± S.E.M. in the hippocampus, and cingulate cortex (J) revealed a significant decrease in the AChE-reactive fibers in Ts65Dn mice compared to 2N and Ts1Cje mice. Asterisk denotes (p < 0.05).
Coincident with the loss of cholinergic immunoreactivities in the MSN, we observed a concomitant reduction of immunostaining within cholinergic efferents in the hippocampus and in laminae III and V of the cingulate cortex (data not shown). By contrast, age-matched Ts1Cje mice exhibited no significant changes in the number of ChAT, TrkA, or p75 NTR immunopositive cells compared to 2N controls (Fig. 3) .
AChE enzyme histochemistry (Fig. 4) revealed regional and laminar differences in Ts65Dn mice compared to 2N and Ts1Cje mice in cholinergic terminal field distribution particularly within the hippocampus (Fig. 4A-C) and cingulate cortex (Fig. 4D-F) , and corresponding to postsynaptic dendritic regions. Within the hippocampal formation of 2N mice (Fig. 4A, arrowheads) , AChE-rich cholinergic fibers were dense within CA1-CA3 fields as well as the inner molecular layer of the dentate gyrus. In the cingulate cortex, the density of cholinergic innervation was greatest in layers III and V (Fig. 4D, D and D ) . In contrast to the pattern observed in 2N mice, Ts65Dn mice exhibited decreased AChE staining associated with the loss of cholinergic innervation within all CA fields (p < 0.01), but particularly CA3 (p < 0.01) (Fig. 4C) , and a marked reduction in reactive fibers in layers III and V of cingulate cortex (Fig. 4F, F , and F ) . Ts1Cje mice showed no overt differences in the magnitude of AChE staining in the hippocampus (Fig. 4B ) and in the laminae of the cingulate cortex (Fig. 4E, E , and E ) compared to 2N control mice. The temporal cortex, which does not receive its major cholinergic input from the MSN, showed no difference in Fig. 5 . Alterations in MAP2 expression within Ts65Dn mice. In Ts65Dn mice, MAP2 immunocytochemistry revealed a qualitative increase in the levels of MAP2 immunostaining in the apical dendrites of pyramidal cells in layer V of the cingulate cortex (C, arrows) and within the hippocampal CA fields (F, arrows) compared to the levels of MAP2 dendritic staining in the cingulate cortex and hippocampus from 2N control (A, D, arrows) and Ts1Cje trisomic mice (B, E, arrows). In Ts65Dn mice, MAP2-immunoreactive dendrites of large pyramidal neurons were shorter and thicker and less tapered compared with 2N and Ts1Cje mice. No significant changes in the magnitude of MAP2 immunolabeling or in dendrite morphology were detected in the temporal cortex of Ts65Dn mice compared to 2N and Ts1Cje mice (G-I). Morphometric analysis (J) of MAP2 immunoreactivity in brain sections from Ts65Dn, Ts1CJe and 2N mice confirmed the qualitative immunocytochemical observations. Quantitative densitometric analysis of MAP2 immunoreactive protein (±S.E.M.) measured by Western blot analysis (K) revealed an increase in MAP2 levels in the cingulate cortex and hippocampus, but not in the temporal cortex in Ts65Dn mice compared to 2N and Ts1Cje mice. Single asterisk denotes (p < 0.05) and double asterisk indicates (p < 0.01). Scale bar, 20 m. Fig. 6 . Schematic of VBT2 changes in Ts65Dn mice. Decreases in T 2 correlate with cholinergic deficits observed in Ts65Dn mice. Green dots show the distribution of VBT2 and red dots represent areas with a dramatic loss of the cholinergic phenotype. Red arrows indicate MSN cholinergic pathways and blue arrows indicate additional cholinergic pathways. Cholinergic deficits in Ts65Dn mice are located predominantly within the MSN as well as the projection path to the cingulate cortex and hippocampus, where VBT2 hypointensities also were prominent Key: CG, cingulate cortex; HDB, horizontal limb of the diagonal band; Hippo, hippocampus; NB, nucleus basalis; RS, retrosplenial cortex; SI, substantia innominata, VDB, ventral limb of the diagonal band. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.) AChE activity in Ts65Dn mice compared to Ts1Cje and 2N mice (Fig. 4G-I and G -I ). Semiquantitative morphometric analysis of AChE reactivity of these regions confirmed the morphologic observations (Fig. 4J) .
Postsynaptic neuron alterations in BFCN projection areas
In 2N mice, MAP2 antibodies labeled the apical dendrites of pyramidal neurons in layer V of the cingulate cortex (Fig. 5A) , hippocampus, and granule cells in the dentate gyrus (Fig. 5D) . In Ts65Dn mice, MAP2 immunoreactivity was increased in apical dendrites within these neuronal populations (Fig. 5C and F) . This increase in MAP2 immunoreactivity occurred concomitantly with a loss of AChE-positive afferent fibers (compare Figs. 4 and 5) . These dendritic alterations were not apparent in all brain regions in Ts65Dn mice. For example, compared to the cingulate cortex, the temporal cortex (Fig. 5G-I ) showed no alteration in the pattern of MAP2 immunoreactivity. The increase in MAP2 levels in the cingulate cortex and hippocampus of Ts65Dn mice detected by immunocytochemistry was confirmed in tissue sections by morphometry (Fig. 5J) . Western blot analysis using an antibody directed against MAP2 revealed a two to threefold elevation in MAP2 expression in Ts65Dn mice compared to 2N and Ts1Cje mice (p < 0.01) (Fig. 5K) . In contrast to Ts65Dn mice, Ts1Cje trisomic mice exhibited no significant changes compared to 2N mice in MAP2 by immunohistochemistry (Fig. 5B, E, J) or immunoblot analysis (Fig. 5K) .
Discussion
Our results establish in the Ts65Dn model of DS that in vivo quantitative MRI is a valuable assessment tool sufficiently sensitive to detect changes associated atrophy and degeneration of subpopulations of BFCNs and associated changes in cortical and hippocampal cholinergic circuitry. Significant T 2 hypointensities (VBT2) were observed in the MSN, hippocampus, cingulate cortex, and retrosplenial cortex of Ts65Dn mice, and correlate anatomically with the loss of cholinergic markers specifically within the MSN, the efferent projection path of MSN neurons, and the corresponding postsynaptic targets of this cholinergic innervation. Although cholinergic MSN neurons comprise approximately 5% of the total cholinergic neuron population in brain, they provide the major cholinergic innervation to the hippocampal formation as well as innervate the cingulate cortex and retrosplenial cortex (Bigl et al., 1982; Eckenstein et al., 1988; Mesulam et al., 1983b; Mufson et al., 2003) . In Ts65Dn mice, cholinergic fibers were decreased in CA fields of the hippocampus, notably in CA3, a region which receives an especially rich projection from the MSN (Mesulam et al., 1983b) . Previous reports found no alterations in ChAT activity within the hippocampus of Ts65Dn mice (Contestabile et al., 2006) . These results could be explained by the investigators' use of total hippocampal homogenates and not the analysis of discrete brain regions and subfields, resulting in the dilution of any biochemical differences that exist between Ts65Dn and 2N mice. Using in vivo imaging techniques, our results show that the T 2 changes were regionally selective and pathway-specific, as the MSN projection path to the cingulate cortex and retrosplenial cortex displayed T 2 -related deficits, whereas other regions of neocortex that do not receive significant afferent input from the MSN did not show significant changes in VBT2. Our MRI findings, therefore, provide correlative evidence that strongly implicates the MSN and its projection pathways in the neuropathology of Ts65Dn mice (Fig. 6) .
Previous studies have shown that Ts65Dn mice exhibit selective age-dependent atrophy of BFCNs, a progressive decline in numbers of cholinergic neurons in the basal forebrain detected by established cholinergic marker proteins and astrocytic hypertrophy (Cooper et al., 2001; Granholm et al., 2000; Holtzman et al., 1992 Holtzman et al., , 1996 . The present study combined quantitative MRI and immunocytochemical and enzyme histochemical studies to demonstrate that the loss of cholinergic neurons in Ts65Dn mice is selective for a specific subgroup of cholinergic neurons localized to the MSN and to a lesser degree, the NB. The other major cholinergic cell populations within the basal forebrain, including the VDB and HDB, displayed no detectable changes in cholinergic phenotype or abnormalities detected by MRI. Furthermore, regional mean T 2 levels were normal in the pontomesencephalon, an area rich in cholinergic neurons, as well as the striatum, which contains a population of cholinergic interneurons.
Septal forebrain projections which originate from cholinergic and ␥-aminobutyric acid (GABAergic) neurons within the MSN and VDB terminate topographically throughout the hippocampus, cingulate cortex, and retrosplenial cortex (Köhler et al., 1984; Naumann et al., 1992; Swanson and Cowan, 1979) . Selectively reducing cholinergic neurons in the MSN and VDB by treatment with 192 IgG-saporin dramatically decreases immunopositive axons in the hippocampus (Zheng and Khanna, 2001 ). In Ts65Dn mice (but not Ts1Cje mice) and rodents subjected to axotomy of the fimbria-fornix, expression of the cholinergic phenotype of neurons within the MSN is decreased, as a significant population of these neurons atrophy but continue to survive rather than die outright (Ginsberg and Martin, 1998; Sofroniew et al., 1990) . The persistence of many MSN neurons in an atrophic or nonfunctional state is consistent with nearly 20 years worth of data demonstrating that loss of cholinergic markers is largely ameliorated by infusions of neurotrophic factors (Hefti, 1986; Kromer, 1987) , indicating that MSN neurons are sustained by target-derived trophic factors from the hippocampus. The ligand-receptor interaction for NGF and related neurotrophins in the septohippocampal system takes place via a signaling endosome complex (Howe and Mobley, 2004) . The signaling endosome undergoes retrograde axonal transport to cholinergic MSN neurons while transducing signals that promote neuronal survival and phenotypic viability. This system has been demonstrated to be perturbed in Ts65Dn mice (Cataldo et al., 2003; Cooper et al., 2001; Salehi et al., 2006) , and is one of the components critical to BFCN survival and phenotypic homeostasis.
There appears to be a close inter-relationship between the cholinergic, endosomal, neurotrophic, and App systems, all of which are altered to varying degrees in AD and DS (Cataldo et al., 2003; Nixon, 2005; Salehi et al., 2006) . Although they do not display amyloid plaques, Ts65Dn mice show increased levels of full-length App mRNA and protein in the cortex. This up regulation, which leads to alterations in App processing and function, possibly involving retrograde transport of NGF (Busciglio et al., 2002; Cooper et al., 2001; Gyure et al., 2001; Iwatsubo et al., 1995) , may play a prominent role in the cholinergic degeneration of BFCNs in Ts65Dn mice (Hunter et al., 2004; Salehi et al., 2006) . The absence of cholinergic and MRI deficits in Ts1Cje mice, which have a triplicated MMU16 region without App triplication, supports this close relationship.
Neurons within areas of VBT2 that are the postsynaptic targets of MSN cholinergic fibers also exhibit significant biochemical and morphological abnormalities suggesting pervasive pre-and postsynaptic alterations within the MSN cholinergic forebrain projection path in the Ts65Dn mouse. Corresponding dendritic pathology has been characterized within the hippocampal formation and neocortex of DS patients (Ferrer and Gullotta, 1990; Suetsugu and Mehraein, 1980) . Similarly within in an animal model of excitotoxic damage to the NB, cholinergic afferents modulate MAP2 expression (Woolf, 1993) , and lesions of the basal forebrain complex in neonatal mice retard the dendritic development of cortical pyramidal cells (Harmon and Wellman, 2003; Robertson et al., 1998) . Synaptic spine enlargement on neurons throughout the cortex has been shown recently in Ts65Dn mice Villar et al., 2005) , although its appearance at early postnatal ages throughout the cortex suggests that this may be a pathologic process distinct from the one associated with the later-onset regionally selective cholinergic deficit observed here.
Our MRI results indicate that T 2 relaxation time is altered in aged Ts65Dn mice, which involve principally the cholinergic system (Fig. 6) . The absence of detectable focal MRI alterations in Ts1Cje mice, which do not develop the cholinergic deficits seen in Ts65Dn, further supports a conclusion that the MRI changes in Ts65Dn are related to the cholinergic neuronal degeneration. These findings are consistent with recent observations that chronic cholinergic imbalance induced by overexpression of synaptic AChE alters water diffusion and ion transport and influences diffusion-weighted and perfusion MRI parameters (Meshorer et al., 2005) .
Several research studies have established that paramagnetic iron increases proton transverse relaxation rates (R 2 = 1/T 2 ), and that the relaxation of solvent protons is proportional to the concentration of paramagnetic ions (Haacke et al., 2005) . Aberrant iron deposition has been described in numerous age-related neurodegenerative diseases including AD and DS (Haacke et al., 2005; Helpern et al., 2004; Mattson, 2004) . For example, individuals with DS display impaired iron metabolism and abnormal iron and lactotransferrin accumulation in the cerebral cortex (Hodgkins et al., 1993; Prasher et al., 1998b) . Observed T 2 changes may also arise from elevated iron accumulation or alterations of normal iron homeostasis (Bakshi et al., 2001 (Bakshi et al., , 2002 secondary to neuronal atrophy. Moreover, dendritic branches and endosomes express a high density of the transferrin receptor (Cataldo et al., 1996) . Therefore, the increased endocytosis implied by the endosome pathology seen in Ts65Dn might contribute to the development of regions of VBT2 by altering the distribution of iron-containing proteins in endosomal/lysosomal compartments in a cell-specific manner.
In conclusion, using quantitative MRI, we were able to detect pathophysiology in regions displaying a loss of the cholinergic phenotype that is observed in the Ts65Dn mouse model of DS. The observed selective vulnerability of this circuit is relevant to the study of human pathobiology, as selective vulnerability of specific neuronal populations is a consistent feature of several neurodegenerative disorders including AD and DS. Cholinergic abnormalities and the associated MRI abnormalities were not found in Ts1Cje mice where the region of MMU16 from App to Sod1 is at 2N levels, underscoring the importance of App triplication as well as possibly one or more adjacent candidate genes that await further characterization. The studies highlight the potential value of in vivo quantitative imaging in concert with chemoanatomic quantitative morphometry to characterize the nature and distribution of brain pathology in mouse models of human neurodegenerative disorders.
